Since the completion of the Caenorhabditis elegans genome sequence 10 years ago, efforts of the large community of C. elegans geneticists have resulted in a high-quality annotation of the structures and sequence relatedness of nearly all the protein encoding and RNA genes. Based on increasingly accurate gene counts in other species, it now appears that C. elegans has more functional genes than most insects and approximately the same number as most mammals. In the last few years, draft genome sequences for several other nematodes have been published (C. briggsae and Brugia malayi) or publicly released (C. remanei, C. brenneri, C. japonica, Pristionchus pacificus, Trichinella spiralis and Haemonchus contortus). Comparisons of gene content within the phylum and to other phyla reveal complex patterns of genome evolution. These patterns include substantial numbers of genes conserved across all the major metazoan phyla (core metazoan genes) and many nematode-specific genes and gene families. Nematode-specific genes are located predominantly on autosomal arms, which also have higher recombination rates. It appears that evolutionary innovations occur mostly in these regions, probably facilitated by higher recombination. Few of these genes have gross phenotypes when knocked down by RNAi, suggesting that many of them function in specific aspects of nematode biology that were not tested, including chemosensation, pathogen response and xenobiotic detoxification.
INTRODUCTION
The publication of the complete draft sequence of Caenorhabditis elegans in 1998 was a milestone in the history of genetics [1] . It was by far the largest genome sequenced to that date, it was the first animal or plant genome sequenced and it set a precedent for open data release policies that have since benefited scientists worldwide. In the specific field of animal genome evolution, it initiated a revolution in comparative sequence analysis. With the addition of several additional nematode genomes, many insect genomes, many vertebrate genomes and a sampling of other animal groups, we are increasingly well positioned to understand how specific genes have evolved, how new genes have arisen, how ancestral genes have been lost on specific lineages, and how gene content relates to the biology of animals. These insights have been far too numerous to review here; instead, I will discuss what has been learned specifically about protein coding gene content and evolution in nematodes.
GENE NUMBER
Accurate estimates of protein coding gene number are surprisingly difficult to obtain (not to mention the even more difficult non-coding RNA gene number). The main complications are pseudogenes, many of which are not easily differentiated from functional genes, and genes with low abundance transcripts, which largely lack experimental support. Nevertheless, reasonable estimates can now be made, based on increasingly large-scale transcript sequencing projects and intensive hand annotation by individual investigators interested in specific genes or classes of genes. As of the WormBase WS180 data release, C. elegans has 20 140 annotated protein coding genes that produce at least 23 000 transcripts. Similar estimates of gene number in insects and mammals may be less accurate, but estimates in various Drosophila species range from 14 000 to 17 000 protein coding genes [2] and the current best estimate in Homosapiens is 20 500 protein coding genes [3] . The length distribution of proteins is very similar in the three organisms. These amazing results suggest that nematodes and mammals have roughly similar complexity at the level of protein coding capacity and that insects have a slightly lower complexity. The long-touted simplicity of C. elegans as a model organism is not reflected in gene content.
DIVERGENCE AMONG CAENORHABDITIS SPECIES
The genomes of C. elegans, C. briggsae, C. remanei are remarkably divergent for species assigned to a single genus. Between C. elegans and the other two species, most intergenic and intronic sequences are so divergent that they are difficult or impossible to align. Caenorhabditis briggsae and C. remanei diverged from each other somewhat more recently [4, 5] and presumably share more non-coding sequence, but no systematic analysis has yet been reported. Converting sequence divergence into time is difficult because the rate of the molecular clock on the lineage is difficult to measure. The best current estimate, based on analysis of nearly neutral sites, a measured mutation rate per generation in C. elegans [6] and a plausible number of generations per year, suggests a divergence time of roughly 20 My ago [7] . The higher rate of evolutionary change on the nematode lineage was not accounted for in an earlier study, probably explaining an overestimate of 80-110 My ago [4, 8, 9] . The utility of genome sequence from densely sampled closely related species for functional and evolutionary studies has been dramatically illustrated in yeasts, insects and mammals [2, [10] [11] [12] . Unfortunately, no species closely related in sequence to C. elegans have yet been isolated. An effort to isolate additional species has been initiated, and early results suggest that many more Caenorhabditis species exist in the wild. It is possible that a thorough world-wide sampling will identify a variety of species with varying degrees of divergence from C. elegans and from other Caenorhabditis species under active study. Such species would be strong candidates for whole genome sequencing.
In contrast to mammals, almost all highly conserved sequence elements between C. elegans and C. briggsae overlap coding exons, suggesting that much less of their functional genome is devoted to distant regulatory regions [13] . Most of the highly conserved non-coding sequences are immediately upstream of coding genes, similarly suggesting that the organization of regulatory regions is simpler than in mammals [8] . Most strong sequence conservation in introns is probably related to regulation of alternative splicing [14] . The GC content of Caenorhabditis genomes is fairly similar, ranging from 36% in C. elegans to 39% in C. japonica, and is roughly uniform across each genome ( [1, 8] and J.H. Thomas, unpublished results). There is a clear codon bias among synonymous codons, which is much more pronounced in highly expressed genes, suggesting a basis in selection for efficient or accurate translation [15] [16] [17] .
Recent improvement of the C. briggsae sequence assembly, based on genome-wide SNP mapping, has clarified the frequency and types of genome rearrangements relative to C. elegans [18] . Perhaps the most remarkable result is that there has been extremely little mixing of genes across chromosomes, despite abundant intrachromosomal rearrangements. The rare cases in which a gene has changed chromosome have occurred piecemeal (largely single gene transpositions) rather than via large reciprocal translocations. This pattern is clear even between the highly divergent C. elegans and Brugia malayi genomes, though at least one set of interchromosomal rearrangements was found [19] . These results are strikingly different from mammals but reminiscent of 'Müller elements' (essentially each arm of a chromosome) in Drosophila species [2] . Since viable translocations are readily obtained by mutagenesis in C. elegans, this result presumably indicates selection against such events, though the basis for this selection remains unknown.
ORTHOLOGY
For functional studies on a specific C. elegans gene to be maximally informative for general animal biology, it is desirable that the gene have orthologues in insects and mammals. Orthology assessment depends on high-quality gene prediction sets, and is currently best assessed based on C. elegans, Drosophila melanogaster and H. sapiens. Researchers should be wary of online assessments of orthology such as OrthoMCL because these assessments are often based on dubious or outdated gene prediction sets, which can have a significant effect on results. Of the 20 000 C. elegans genes, about 1800 have strict (1 : 1 : 1) orthologues in D. melanogaster and H. sapiens ( J.H. Thomas, unpublished results). These orthologues are dominated by core organismal functions, including replication, repair, transcription, translation, cell division cycle and cellular organization. Among tested Caenorhabditis species (elegans, briggsae and remanei), about 10 000 of the C. elegans genes are strict orthologues ( J.H. Thomas, unpublished results), indicating as expected that stable shared functions among Caenorhabditis species are much more extensive than across phyla. Accurate assessment of the extent of orthology across a broader sampling of nematodes awaits improved gene prediction sets for more diverse nematodes, including B. malayi, Pristionchus pacificus, Haemonchus contortus and Trichinella spiralis, all of which have draft sequence assemblies but inadequate annotation of specific gene structures. Efforts to improve ab initio gene predictions and to use new multiplex sequence methods on mRNA are critical to improving these annotations.
GENE FAMILIES
Of the 20 000 protein coding genes in C. elegans, about 12 000 have an excellent blastp match to another gene in C. elegans (i.e. a potential paralogue). About half of these 12 000 belong to gene families with 10 or more members. The evolution of some of the larger gene families has been analyzed in some detail, including 19 chemoreceptor families [20] [21] [22] [23] , potassium channel families [24] , F-box and MATH-BTB families [25] , nuclear receptors [26] [27] [28] , guanylyl cyclases [29] , trimeric G-proteins [30] , some metabotropic G-protein coupled receptors [31] and ABC-transporter families [32] . Many other families of considerable interest exist but detailed evolutionary analysis is lacking or incomplete. These include a large neuropeptide receptor superfamily (about 100 genes), a huge and diverse C-type lectin superfamily (over 300 genes), innexins (25 genes), insulin-related proteins (about 40 genes), DEAD-box helicases (about 70 genes), glutathiones-transferases (about 60 genes), cytochrome P450s (about 70 genes), acyltransferases (about 70 genes), UDP-glycosyl transferases (about 65 genes), shortchain dehydrogenases (about 80 genes) and several families of protein kinases, proteases, protease inhibitors and transcription factors. Finally, many other gene families remain little analyzed at any level and have little or no clue to function based on sequence comparison to other genes of known function.
Among gene families that have been studied, evolutionary patterns are diverse. Genes in the guanylyl cyclase, metabotropic G-protein-coupled receptors, trimeric G-protein, potassium channel and ABC-transporter families generally have clear wellconserved orthologues in C. briggsae and C. remanei, suggesting that the function of each gene was distinct in the shared common ancestor and has been stably retained in each species ( [24, [29] [30] [31] [32] and J.H. Thomas, unpublished data). To a lesser extent, members of these gene families are sometimes conserved even across the nematode, arthropod, and vertebrate phyla. Genes in other families, notably the nuclear receptor family, some putative chemoreceptor families, and the F-box and MATH-BTB families have more complex patterns of evolution [23, 25, 26] . Some genes in each family have clear well-conserved orthologues in C. briggsae and C. remanei (and sometimes more widely), but other genes have undergone active duplication and loss on the Caenorhabditis lineage. Among genes that duplicate and delete most rapidly, many are subject to positive selection for change in amino acid sequence, suggesting that they are subject to ongoing adaptive evolution, probably in response to environmental or pathogen pressures [23, 25] .
AUTOSOMAL ARMS
From the early days of genetic mapping, it was recognized that the two arms of the five autosomes in C. elegans have properties distinct from their central regions and the X chromosome [33] . Subsequent genetic and genomic analysis has shown that these differences are extensive. First, recombination rates are 3-10 times higher on arms than in the centres [34] . Second, the fraction of genes with phenotypes found in forward genetic screens and genome-wide RNAi tests is lower on arms than in the centres [34, 35] . Third, the fraction of genes with homologues outside of nematodes is lower on arms than in the centres [1, 36] . Fourth, the density of repeat sequences is much higher on the arms than in the centres [1] . Fifth, many autosomal arms are the homes of large clusters of genes from several specific gene families, most prominently the 19 putative chemoreceptor gene families, the F-box and MATH-BTB families and the expanded nuclear receptor family [25, 36] . Finally, single nucleotide and large insertion-deletion population diversity among wild isolates is higher on the autosomal arms [37] [38] [39] . Remarkably, most or all of these features are conserved in C. briggsae, despite their extensive sequence divergence [18] . This organizational conservation probably depends on the fact that intrachromosomal rearrangements rarely mix genes from arms and centres [18] .
Though the gene density on autosomal arms is slightly lower than in the centres, most of the differences in phenotype, population diversity and deep phylogenetic conservation appear to be due to differences in the types of genes found on arms. For example, most chromosome arms are highly enriched for genes that undergo duplication and deletion more frequently and are likely to mediate environmental interactions [36, 39] . Though additional studies are needed, a simple model that explains these patterns is that evolutionary experimentation occurs predominantly on autosomal arms, insulated in some way from core essential genes in autosomal centres. Consistent with this idea, obviously defective genes (commonly called pseudogenes) are much more abundant on autosomal arms ( J.H. Thomas, unpublished results). Higher recombination rates on arms could facilitate mixing advantageous alleles and discarding deleterious alleles that are expected to arise in rapidly evolving genes.
TRANSCRIPTION FACTORS
Because of their importance in regulating development, there has been strong interest in various specific transcription factors in C. elegans. A handcurated genome-wide assessment of probable transcription factors was reported in 2005 [40] . There are 900 putative transcription factors, nearly as many as found in mammals. Except for a notable expansion in the nuclear receptor gene family [26, 41, 42] and a much smaller C2H2 zinc-finger family ( J.H. Thomas, unpublished results), the distribution of types of transcription factors is roughly similar to that in mammals, with substantial numbers of genes encoding basic helix-loop-helix (BHLH), basic leucine zipper (BZIP), homeodomain, high mobility group (HMG), MYB, T-BOX, ETS, forkhead and several classes of zinc-finger proteins. About 200 of the C. elegans transcription factors have probable orthologues in humans [40] , which is a much higher rate than for the genome as a whole, but nevertheless suggests substantial differences in the patterns of transcriptional regulation in these phyla. As expected from general patterns, with the exception of the expanded nuclear receptor family, transcription factor genes are depleted on autosomal arms ( J.H. Thomas, unpublished results) . A flood of new data on transcription factor expression patterns and their potential transcriptional targets can be expected in the near future as part of the NIH-funded modENCODE project.
RNAi KNOCKDOWNS
Gene function in C. elegans can be reduced or eliminated by feeding worms E. coli expressing double-stranded RNA specific to the gene [43, 44] . This RNAi method is easy enough to permit functional tests of the entire set of coding genes [35, 45] . Though the degree, specificity and reproducibility of gene inhibition varies, the method has been used extensively for candidate gene identification and permits some broad conclusions about classes and genome locations of genes with strong RNAi phenotypes. As of WS180, about 19% of all C. elegans genes have been reported to have some RNAi phenotype in at least one experiment, though this is almost certainly an overestimate resulting from occasional false positives from the many reported screens. Genes with strict orthologues in D. melanogaster and H. sapiens are much more likely to have an RNAi phenotype (60%, J.H. Thomas, unpublished results; see related analysis in [35] ), whereas genes with no significant blast match to D. melanogaster or H. sapiens are less likely to have an RNAi phenotype (10.5%, J.H. Thomas, unpublished results) . Presumably these patterns indicate that ancient genes with stable core functions tend to play more central biological roles, whereas nematode-specific genes are more likely to produce subtle or condition-specific RNAi phenotypes that were not ascertained.
POPULATION GENETICS AND WILD DIVERSITY
With the completion of reference genome sequences for most major model organisms and the human, the attention of genomicists has increasingly turned towards understanding sequence diversity within species and how this diversity specifies organismal phenotypic diversity. C. elegans is unusual among Caenorhabditis species in having self-fertilizing hermaphrodites and facultative males. Estimates of outcrossing rates vary but are generally very low [46, 47] . As expected from evolutionary theory, this condition results in much lower population sequence diversity, a smaller effective population size and more pronounced linkage disequilibrium than in related male-female species such as C. remanei [46, [48] [49] [50] . Though C. elegans is found widely across the temperate world, there is little evidence that geographic isolation or local adaptation is prevalent [46, [51] [52] [53] . Geographically distant populations show sequence divergence that is only modestly greater than that seen within local populations [46] . These results, coupled with the habitats of wild isolates, suggest that C. elegans is a human commensal that spread around the world in association with agriculture. The Hawaiian isolate (CB4856) is frequently used for mapping studies and has been studied in more detail than others. The average SNP density of Hawaiian relative to N2 is about 1 in 900 nt [38] , but large insertion/deletion changes may contribute an even larger number of differences [39] . The feasibility of cheap genome resequencing in C. elegans has been demonstrated [54] , and we can expect our knowledge and interpretation of the content and patterns of wild isolate diversity to dramatically improve in the next few years (e.g. see http://www.wormbase.org/wiki/index.php/Nemat ode_resequencing_and_diversity).
Since the completion of the C. elegans genome sequence10 years ago, efforts have focused on accurate annotation and evolutionary analysis of functional units, mostly protein-coding genes. Comparative analyses with insect and mammal genomes identify a set of metazoan genes that are evolutionarily stable, and many large families of nematode-specific genes. Phylogenetically stable genes are dominated by core organismal functions, whereas nematode-specific genes may be largely involved in changing environmental interactions. Genes on autosomes can be divided into those on chromosomal arms and those in centres.Genes in autosomal centres tend to be phylogenetically conserved and have relatively strong phenotypes, while genes on arms tend to be rapidly evolving and have weak phenotypes. Analysis of the reference C. elegans genome forms the basis for future evolutionary genome analysis of a much broader sampling of nematode genomes and for population genetic studies within C. elegans.
